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When do we first looked at how the Sun shines?

4

• On March 17, 1938, fourth annual Washington 
Conference of Theoretical Physics was held in the 
Carnegie Institute and George Washington University's. 
How the Sun shines was brought into discussion. 

• One year before, Carl Friedrich von Weizsäcker 
proposed the energy comes from p+p-> 2D + e+ + νe 

• By the end of the conference, Bethe came up with 
subsequent processes that 2D are converted to 4He  

• After the conference, Bethe started to think about one 
question: What about heavier stars?
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H. Bethe: discovery of CNO cycle mechanism

5

• Six month after the conference, H. Bethe 
submitted an article on energy 
production in stars with the CNO cycle 
process. His contribution was awarded 
Nobel prize in 1967.
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Five proton fusion channels in the Sun
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• Standard Solar Model: Three pp chains and two CNO cycles are active in the Sun. 

• CNO cycle contributes 1% energy in the Sun and remains hypothetical until this work.
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First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115Comprehensive measurement of pp-chain solar neutrinos, BOREXINO, 2018, Nature
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Neutrinos from proton fusion

7

• Neutrinos are produced during β+ decay and electron capture. 

• They are named as pp, pep, 7Be, 8B, hep, and CNO (13N+15O+17F) solar neutrinos.
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First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115
Comprehensive measurement of pp-chain solar neutrinos, BOREXINO, 2018, Nature
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Previous measurement of solar neutrino fluxes

8

• We have pp, pep, 7Be, 8B, hep, and CNO (13N+15O+17F) solar neutrinos.
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• Radiochemical: Chlorine, Gallex/GNO, SAGE 

• Only weight sum of neutrino flux is given 

• Elastic Scattering: Super-K, SNO, BOREXINO 

• Neutrino fluxes measured separately 

• Super-K, SNO: 8B and hep (limit) 

• Borexino: pp, pep, 7Be, 8B, hep (limit), and CNO (limit) 

• pp chain (except hep) was fully measured. CNO 
cycle was not observed yet 
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Measurement by Borexino Phase-II (2018)

9 BNL seminar

• 1291 day (2011 Dec—2016 May) x 
71 t data are analyzed 

• Whole pp-chain (except hep) 
detected. 

• CNO cycle was not observed yet.

The experimental spectrum



Detection of CNO solar neutrinos with Borexino
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The principle of neutrino detection of Borexino

11

1. Neutrinos are produced in the core of the Sun 

2. Neutrinos propagate to the Earth. Part of electron neutrinos transform to muon/tau neutrinos. 

3. Neutrinos elastically scattering on electrons in Borexino 

4. Borexino measures the recoil-electron energy (signal). 

5. Borexino obtain event energy distribution, and separate signals and backgrounds.

BNL seminar



First measurement of CNO solar neutrinos, Xuefeng Ding

Borexino detects the recoil electron of neutrino ES

12

• Borexino measures the energy of recoil electrons 
of solar neutrinos elastic scattering on electrons. 

• The recoil electron energy distribution is 
different from the neutrino energy distribution.
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Recoil electron energy distribution
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Background reduction by purification

13

• Scintillator repurification between July 2010 — 
August 2011. 

• Six cycles of “water extraction” and “nitrogen 
tripping” were used. 

• Significant reduct achieved. 
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Low Background Methods in Undergroup Astroparticle Physics. Frank Calaprice. TAUP 2017
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The low background nylon vessel

14

• Very low background nylon film made at 
Princeton University. 

• Original consideration was thick acrylic walls 
emits too much gamma bkg. 

• Later: decay daughters in the film gain kinetic 
energy, detach from the film, and migrate into 
the FV with convection currents. 
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Prototypes of the nested nylon vessels @ Jadwin Gymnasium at Princeton University

The nylon scintillator containment vessels for the Borexino solar neutrino experiment, J. Benziger et al. NIM, 2007
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Background reduction by shielding

15

• Outmost: 3800 w.m.e. rock as shield against muons 

• Second band: water Cherenkov detector vetoing muons 

• Third band: PC+DMP buffer kills gammas from PMTs 

• Nylon between fourth and fifth band: stop radon 

• Innermost: FV cut further removes gammas from PMTs
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Entrance of Gran Sasso tunnel

Copyright: Fiona Crisp

First detection of solar neutrinos from CNO cycle with Borexino. G. Ranucci. Neutrino 2020
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Backgrounds reduction through analysis

16

• 11C are suppressed by three-fold-coincidence 
(TFC, muon + neutron + 11C) cut. 

✦ 11C are mainly produced through 12C(γ/π,n)11C etc. γ/π are 
from muons. Most 11C are produced with a neutron. 

✦ We build a likelihood from distance & delay to nearest muons 
& neutrons and reduce 11C rate by ~93%
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Final results of Borexino Phase-I on low-energy solar neutrino spectroscopy, BOREXINO, 2014, PRD
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Seven backgrounds of the Borexino detector

17 BNL seminar

1. 14C. Cosmogenic. τ=5730 years  

2. 210Po. Decay descendant of 210Pb 

3. 210Bi. Decay daughter of 210Pb 

4. 85Kr. From Atom bombs. In the air. 

5. 11C. Cosmogenic. τ=20 mins 

6. pile-up. As its name. 

7. Ext. γ from 208Tl, 234Th, and 40K in PMTs
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Important backgrounds for CNO

18 BNL seminar

• ROI: around 0.8—0.9 MeV 

• ~90% CNO ν + pep ν + 210Bi 

• ~10% 7Be ν + 11C + ext. 40K γ etc.

First detection of solar neutrinos from CNO cycle with Borexino. G. Ranucci. Neutrino 2020

First Direct Experimental Evidence of CNO neutrinos, 
BOREXINO, 2020, hep-ex/2006.15115
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Measure ext. 40K, 11C, internal 40K, and ν(7Be)

19 BNL seminar

• Around 10% of ROI. 

• Ext 208Tl/232Th/40K γ: by event 
position distribution. 

• 11C: by energy distribution. Peak 
shape. 

• Internal 40K: by energy distribution. 
Double peak shape (beta + EC). 
Negligible. 

• 7Be ν: by energy distribution. 
Heaviside-step-function like shape.

First Direct Experimental Evidence of CNO neutrinos, 
BOREXINO, 2020, hep-ex/2006.15115

min(max) max(min)
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Others = 7Be ν + 11C + 
ext. 40K γ etc. 

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115
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Constrain ν(pep)

20 BNL seminar

• ~30% of ROI 

• From global fit. 

• Luminosity constraint constraints pp. 
Need also 7Be etc. 

• pp/pep ratio: known from nuclear 
physics 

• Standard MSW Pee used.
First Direct Experimental Evidence of CNO neutrinos, 
BOREXINO, 2020, hep-ex/2006.15115
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Luminosity constraint and entangled solar neutrino signals, F. Vissani, 2018
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Challenges of constraining 210Bi

21 BNL seminar

• ~30% of ROI 

• Very similar shape compared 
with CNO. Difficult to separate 
through shape. 

• Need to be measured 
independently. 

• Solution: LPoF method.
First Direct Experimental Evidence of CNO neutrinos, 
BOREXINO, 2020, hep-ex/2006.15115
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Low-Polonium-Field (LPoF) analysis
To measure 210Bi
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Strategy to measure 210Bi

23 BNL seminar

• When 210Pb—210Bi—210Po reaches 
secular equilibrium, their rates are 
equal.

• 210Po rate can be measured precisely. 
210Po decay through α decay. 210Po 
events can be selected event-by-event 
using an α/β discriminator. 
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210Po(Surface) and 210Po(Volume)

24 BNL seminar

• 210Pb are present both in the liquid 
scintillator (hereinafter as 
210Pb(Volume)) and the surface of nylon 
vessel (hereinafter as 210Pb(Surface)). 

• It is supposed 210Pb are deposited into the nylon 
during the first fill, when 210Pb is not removed by 
purification yet. 

• We need only R(210Po(V)) = R(210Bi(V)) 
= R(210Pb(V))

• 210Po(S) is background and need to be 
suppressed.
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Suppress 210Po(Surface)

25 BNL seminar

• 210Po(S) need to travel a few meters to 
reach FV. 

• Suppress convection, 210Po(S) will decay 
halfway, and 210Po(S, FV) will reduce. 

• Solution: Keep the detector thermal 
condition stable to suppress convection.



First measurement of CNO solar neutrinos, Xuefeng Ding

Six years of efforts to stabilize thermal condition

26 BNL seminar

• Double layer of mineral wool for insulation & 
Active Temperature Control System (ATCS) 
(2014—2016) 

• Temperature Probes (2014—2016) 

• Fluid dynamical simulations 

• Hall C Temperature stabilization (2019)

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115
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Outcome of the insulation & ATCS

27 BNL seminar

• Temperature (top) much 
more stable after insulation 
& ATCS between 2017 Jan 
and 2019 Jan. 

• Convection current 
suppressed, and less 
210Po(S) migrate into FV, 
and lower 210Po rate 
(bottom).

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115
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How to get 210Po(V)?

28 BNL seminar

Our case
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Breakthrough: Low Polonium Field (LPoF) analysis

29 BNL seminar

• LPoF: Get minimum of R(210Po)

• Align dataset vertically for the 
minimum calibrated by minimum 
of previous month (blind 
alignment) 

• Fit dataset splitter in one month 
with parabolic/spline functions to 
obtain the minimum position. 

• Fit merged dataset with parabolic/
spline functions.



First measurement of CNO solar neutrinos, Xuefeng Ding

Result of LPoF analysis

30 BNL seminar

Fit model
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210Bi homogeneity systematics

31 BNL seminar

• LPoF provides the R(210Bi) at the minimum 
of a 20 ton region (fit range used by LPoF). 

• Assume R(210Bi, FV) = R(210Bi, LPoF) 

• Spatial Inhomogeneity of R(210Bi) introduce 
bias.
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210Bi homogeneity systematics based on Obi-wan

32 BNL seminar

• Obi-wan = Optimized Bismuth window analyzer 

• Obi-wan is optimized based on S/sqrt(S+B) of 210Bi 

• ~75% neutrinos, ~15% 210Bi, ~10% 11C and 85Kr 

• Inhomogeneity of Obi-wan is a conservative estimate 
of inhomogeneity of 210Bi.
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210Bi homogeneity systematics based on Obi-wan

33 BNL seminar
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Further proof of 210Bi homogeneity

34 BNL seminar

• 210Bi activity evolution is simulated 
according to estimated convection 
current. 

• Before the insulation, the 
convection is very strong. 

• Even if 210Bi is completely at the top 
in the beginning, after one year it 
will be completely mixed.
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Result of LPoF analysis

35 BNL seminar

• R(210Bi) + R(210Po(S)) = 11.5 ± 1.3 cpd/100t 

• R(210Po(S)) ≥ 0 

Or 

• R(210Bi) ≤ 11.5 ± 1.3 cpd/100t



Statistical analysis
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The Statistical analysis

37 BNL seminar

• The statistical analysis has two objectives 

• Evaluate the confidence interval (counting + MV fit) 

• Evaluate the discovery significance (hypothesis test)
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The discovery significance

38 BNL seminar

• Test statistic q = profile likelihood = -2ln[ L(no CNO) / 
L(CNO free) ] 

• Get q of data ( = 30.05 ) 

• Get distribution of q assuming null hypothesis ( no 
CNO ) with and without systematics using Monte Carlo 
method 

• Due to use of “half-gaussian” pull term, or the “upper 
limit”, Cowan’s fomula does not apply (half-chisquare) 

• When systemics uncertainty is included, distribution is 
completely unknown. 

• To prove 5 sigma, we need to show the p-value is less 
than 2.8x10-7. We simulated 13.8 million datasets. No 
event above q(data). So p-value of data is less than 5 
sigma significance at 99% C.L. 
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The confidence interval — Multivariate fit

39 BNL seminar

• Scan the test statistic over the CNO rate 
q(CNO). 

• Convert q(CNO) to the P.D.F. of CNO rate 
according to p = C*exp(LL). 

• Get 68% quantile as the 1 sigma 
Confidence Interval (C.I.) 

• Smear the P.D.F. of CNO with systematic 
uncertainty (-0.5+0.6 cpd/100t) 

• Get 68% quantile of the smeared P.D.F. as 
1 sigma C.I. including systematic 
uncertainty.
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Why asymmetric likelihood profile?

40 BNL seminar

• The likelihood on the left is steep.  

• When CNO goes down, 210Bi need 
to increase, but limited by the LPoF.  

• When CNO goes high, 210Bi 
decrease, but 210Po(S) can make up 
the LPoF.
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The confidence interval — Counting analysis

41 BNL seminar

• Count number of events in ROI 

• Subtract background randomly according 
to determined value. For 210Bi, 
conservatively subtract follow Gaussian 
distribution 11.5 ± 1.3. 

• Obtained distribution of rate of residual 
events can be used to evaluate the 
confidence interval of CNO neutrinos. 

• Straightforward and robust.
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Future of Borexino

42 BNL seminar

• Extremely stable temperature after 
installation of new system last November. 

• If convection is further suppressed, 
“plateau” is seen, we measure 210Bi rate, 
rather than giving an upper limit. 

• CNO will be measured (confidence interval 
significantly improved).
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How about metallicity problem?

43 BNL seminar

• The “solar metallicity problem”: the refined 3D 
model proposed in 2009 lost agreement with 
helioseismology data. 

• Only metallicity (mass fraction of elements 
heavier than helium) is different between two 
models. 

• Need to modify the opacity to restore the 
agreement. 

• Neutrino flux measurements may provide hints

Sound speed by HZ/LZ/helioseismology
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Use CNO to measure C & N abundances

44 BNL seminar

• pp-chain solar neutrino fluxes depend on solar 
core temperature 

• CNO cycle solar neutrino fluxes depend on 
temperature + C & N abundances. 

• Combine two to measurement C & N 
abundances directly

Sensitivity to neutrinos from the solar CNO cycle in Borexino, arXiv 2005.12829

(Expected, MC only)
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Use CNO to do hypothesis test

45 BNL seminar

• Standard hypothesis test
Sensitivity to neutrinos from the solar CNO cycle in Borexino, arXiv 2005.12829

(Expected, MC only)
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Future experiments

46 BNL seminar

• SNO+: existing, deep  

• JPNE: directionality 

• LAr/LXe: no 11C, high 
energy resolution

SNO+

ARDM DARWIN

Jingping Neutrino Experiment

DUNE
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Conclusions

47 BNL seminar

• With LPoF analysis, we obtained an upper 
limit of 210Bi 

• Based on this result, we evaluate discovery 
significance to no CNO hypothesis is more 
than 5 sigma at 99 C.L. It is first detection 
of CNO solar neutrinos. Finally proves 
CNO cycle proposed by H. Bethe 80 years 
ago. 

• We measured CNO neutrino flux to be  
           7.0 +3.0 -2.0 x 108 cm-2s-1
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The systematic uncertainty
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• Using the Cousins & Highland, or hybrid frequentist-Bayesian method. 

• Define list of known inaccuracy type and magnitude (energy function, LY 0.23%, 
non-uniformity 0.28% and NL 0.4%; 11C deformation 2.3%; 210Bi shape 18%) 

• Simulate distorted datasets and fit with un-distorted PDF 

• Subtract quadratically width of distribution of results with 0-systemics.



First measurement of CNO solar neutrinos, Xuefeng Ding

The Neutrino Oscillation

50

• When detected, part of solar electron neutrinos has oscillated into muon/tau neutrinos. 

• Historically known as the “solar neutrino problem”. Nobel prize in 2015.
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